Estrus is induced in female gray short-tailed opossums (Monodelphis domestica) by exposure to male chemical signals (pheromones). Isolated females remain anestrous, but direct exposure to a male or his scent-marked cage induces estrus within 4-6 days. The objective of this study was to investigate the importance of the vomeronasal organ in detection of and response to estrus-inducing pheromones. The vomeronasal organ was surgically removed through the palate from 8 females (VNX); 5 females (SHAM) underwent sham surgeries in which the vomeronasal organ was exposed but not removed. After a 10-day recovery period, females were placed into male scentmarked cages. Body weight and urogenital sinus cytology were monitored throughout the experiment. All females were anesthetized and perfused with 4% paraformaldehyde 12-13 days after initial pheromone exposure. Vomeronasal organ ablation was evaluated histologically in decalcified snouts. In addition, deafferentation of the accessory olfactory bulb was confirmed by use of a lectin stain specific for the vomeronasal nerve and the glomerular layer of the bulb. All females classified as completely VNX (n = 5) remained anestrous throughout the pheromonal exposure. Incompletely VNX females (n = 2) and all SHAM animals exhibited estrus within 7 days of pheromone stimulation. At perfusion, the mean uterine weight (280.71 95.6 mg/85 g BW) of SHAM females was greater (p < 0.05) than that of unresponsive, VNX females (133.33 + 31.14 mg/85 g). This study demonstrates that the vomeronasal organ is an essential component for transduction of male pheromones required for induction of estrus in a marsupial species.
INTRODUCTION
Mammalian reproductive physiology and behavior are often coordinated by conspecific odor cues, or pheromones. In female rodents, primer pheromones influence the onset of puberty [1] and estrous cycles [2, 3] , and block pregnancy [4] . Similar phenomena exist in other taxa including, but not limited to, primates [51, ungulates [6] , and marsupials [7] [8] [9] . In many cases, the vomeronasal organ (VNO), which contains the peripheral chemoreceptors of the accessory olfactory system, is necessary for detection of pheromones [3, [10] [11] [12] .
The mammalian VNO is a bilateral, tubular structure within a bony or cartilaginous shell that lies dorsal to the anterior palate at the base of the nasal septum (Figs. 1 and 2A). Stimuli reach the VNO lumen either via the nasal cavity, as in rodents, or through the nasopalatine canal, which connects the nasal and oral cavities in, for example, carnivores, marsupials and some primates [13] . An autonomically controlled vascular pump alters the luminal pressure within the VNO and effects delivery of airborne and macromolecular, nonvolatile, mucus-borne stimuli [14, 15] . Output from the sensory cells of the VNO travels through the vomeronasal nerve (VNN) to the accessory olfactory bulb (AOB). In contrast, the olfactory epithelium of the main olfactory system responds to small, volatile molecules delivered during inhalation or sniffing, and the olfactory nerves project to the main olfactory bulb (MOB).
The accessory olfactory system involves projections from the AOB to the medial and posteromedial cortical nuclei of the amygdala, bed nucleus of the stria terminalis, medial preoptic area, and ventromedial nucleus of the hypothalamus in the hamster [16] , rabbit [17] , rat [18] , and opossum [19] . These nuclei are associated with reproductive behavior and hypothalamic release of LHRH [20] and do not receive direct input from the neurons of the main olfactory system [21] . Thus, ablation of one system's peripheral chemoreceptors or transection of either the VNNs or the olfactory nerves leaves the other olfactory system intact such that the importance of one pathway to a particular pheromonal response can be evaluated.
The gray short-tailed opossum (Monodelphis domestica), a small (60-120 g) didelphid marsupial native to Brazil, is one of the few species in which females do not exhibit estrous cycles or enter estrus unless they are exposed to male stimuli [7, 22, 23] . Female prairie voles (Microtus ochrogaster) similarly rely on pheromonal cues for induction of estrus [24] , but M. domestica (hereinafter, opossum) is, perhaps, more responsive to olfactory cues alone than any mammal studied to date. Male opossums intensively scent-mark their surroundings by rubbing the chest, head, and flank against smooth surfaces such as cage walls, food bowls, and objects placed in the cage [25, 26] . Females remain anestrous in the absence of male stimuli but routinely come into estrus and mate within 4-11 days after exposure to male pheromones alone, e.g., soiled cages [7] . Similarly, young females isolated from male stimuli do not reach puberty [9] .
In our colony, urogenital sinus (UGS) estrus, which precedes the onset of sexual receptivity, is evident 4-9 days after pheromone exposure. Estrus is characterized by a dense smear of cornified epithelial cells collected by swabbing the UGS [22, 23] , and an increase in body weight [27, 28] , presumably due to hypertrophy of the reproductive tract [9] . Estrous females ovulate within 24 h after copulation or contact with a male [23, 29] . Adult female opossums housed in individual cages in mixed-sex colonies infrequently enter estrus [22] despite exposure to ambient, airborne male odors and auditory signals.
Physical contact with an apparently nonvolatile pheromone in male scentmarks appears to be the most reliable activator of ovarian activity in opossums. Females given access to a cage previously occupied by a male investigate scentmarks using a nuzzling behavior that moistens dried odor deposits and delivers nonvolatile stimuli to the VNO [26, 30] . This specialized behavior and the differential effectiveness of nonvolatile and volatile pheromones suggest that the VNO mediates induction of estrus in this species. The objective of this study was to surgically remove the VNO and evaluate the response of postoperative females to male pheromones.
MATERIALS AND METHODS

Animals
Adult male (n = 6) and female (n = 14) opossums were held in individual, opaque polycarbonate rat cages (30 x 30 x 15 cm) in a mixed-sex colony in an AAALAC-approved facility in the Department of Zoology at The Ohio State University. The colony room was maintained at 28°C with a 14L:1OD light cycle (lights-on at 0600 h). Pelleted food (Fox Reproduction Diet; Milk Specialties Products, Madison, WI) and water were available ad libitum. Prior to surgery, all females used in this experiment exhibited estrus 4-8 days after exposure to male pheromones, which was accomplished by transfer of each female to a cage scent-marked by 1 of 6 sexually experienced males. Eleven females (10-20 mo old) had never been in physical contact with a mature male; 3 females (18, 27, and 32 mo old) were experienced breeders.
Surgery
The 11 naive females were randomly assigned to 1 of 2 surgical treatment groups: sham surgery (SHAM) or vomeronasalorganectomy (VNX). Two experienced breeders were randomly assigned to the VNX group; the remaining multiparous female was assigned to the SHAM group. Nine females had the VNO removed under propofol (Diprivan; Stuart Pharmaceuticals, Wilmington, DE, 10 mg/kg) anesthesia administered via a lateral tail vein. The animal's head was held in place by two fine wire hooks fastened around the prominent upper canine teeth; the lower jaw was re- tracted with a length of 3-0 silk suture. A midline incision was made through the skin covering the anterior hard palate, and the cartilaginous capsule encasing the VNO was exposed by extending the caudal margins of the incisive foramina 0.5 mm medially and 2.0-2.5 mm caudally with a dental burr. The nasopalatine ducts, which pass through the rostral pole of the incisive foramina, were not disturbed by the initial incision or drilling. An incision was made through the cartilaginous capsule, and VNO tissue was extracted with fine forceps. The wound was packed with Gelfoam before the palatal incision was closed with absorbable suture. One VNX animal died during surgery. Five females underwent sham surgeries in which the palate was sutured after the VNO capsule was cut. No loss of olfaction was evident in postoperative animals; all performed normally when challenged to find a novel food item (a banana) hidden within a testing chamber.
Pheromone Stimulation
After a 10-day postoperative period, all VNX and SHAM females were housed in male scent-marked cages for 14 days; soiled cages were replaced with freshly marked cages every 3-4 days. Each female received a cage soiled by the same male throughout the stimulation period. The 14-day exposure provided a pheromonal stimulus period almost 3 times longer than needed to induce estrus in an intact female [31] . Ovarian activity was monitored indirectly after surgery through UGS cytology. Body weights were recorded at least every other day throughout the experiment. Because of the wide range of initial body weights (60.2-114.5 g), individual changes in body weight over time were standardized to an 85-g animal (the average weight of preoperative females) by multiplying the weight difference by 85/initial weight.
Perfusion and Histology
After the 14-day pheromone exposure, females anesthetized with methoxyflurane (Metofane; Pitman-Moore, Mundelein, IL) were killed by perfusion with 0.9% PBS followed by 4% phosphate-buffered paraformaldehyde. Ovaries and uteri were removed, weighed, embedded in paraffin, cut into 10-gm serial sections, and stained with hematoxylin and eosin. Organ weights were standardized to 85 g of body weight. The olfactory bulbs and rostral forebrain were removed from the skull, postfixed overnight, saturated with 30% sucrose, cut into 40-lm coronal sections, and stored in cryoprotectant [32] at -20°C. Skinned skulls were decalcifled (15% formic acid + 5% formaldehyde) for 1 wk, embedded in paraffin, cut into 15-pm coronal sections from the rostral pole of the incisive foramina through the first premolar, and stained with hematoxylin and eosin.
Every third section of neural tissue was mounted and stained with cresyl violet to assess neuronal degeneration in the AOB. To further examine degeneration in the glomerular layer of the AOB (which contains the axon terminals of the VNN but is not clearly delineated with a Nissl stain), the remaining sections were stained with horseradish peroxidaselabeled soybean agglutinin (SBA-HRP from Glycine max; Sigma, St. Louis, MO) and counterstained with cresyl violet. SBA is a lectin that specifically binds to galactosamine residues on VNN fibers and axon terminals in several species including the mouse, prairie vole, guinea pig, and opossum [33] [34] [35] . Cryoprotected sections were rinsed four times for 15 min per rinse in 0.1 M potassium PBS (KPBS, pH = 7.2) and incubated for 30 min at room temperature in SBA-HRP (6.25 jg/ml KPBS). The tissue was rinsed in KPBS six times for 5 min per rinse and then incubated for 5 min in a chromogen solution (0.5 mg/ml 3,3'-diaminobenzidine tetrahydrochloride in KPBS) before 3.3 Il/ml of 3% H 2 02 was added. Formation of the brownish/black reaction product was stopped after 4-5 min by rinsing with KPBS.
This protocol was used in four separate sessions to stain the tissue from all experimental animals. Each staining session included positive and negative (no SBA-HRP incubation) control sections through the AOB of intact, adult females. SBA staining was blocked by preabsorption with an excess of N-acetyl galactosamine.
Histological Assessment of VNO Ablation
The number of serial sections containing normal, non-necrotic VNO tissue was counted, converted to length, and divided by 3.2 mm (the average length of an intact, adult female VNO) to obtain a value for the proportion of healthy VNO tissue remaining. SBA-stained sections through the olfactory bulbs were examined and scored with respect to the presence of above-background levels of label in the VNN and the glomerular layer of the AOB. All tissue was evaluated by observers blind to both the surgical treatment involved and the female's response to male pheromone. Surgical ablation of the VNO was considered complete when 1) > 80% of the VNO was removed or necrotic and 2) neuronal input to the glomerular region of the AOB had been eliminated as evidenced by the absence of SBA stain in this area.
Differences in mean responses for VNX and SHAM groups were tested with a two-tailed t-test (a = 0.05). Change in body mass over time within a treatment group was tested with a paired t-test (a = 0.05). All data were reported as mean + SEM.
RESULTS
VNO Ablation
In all 5 SHAM females, the VNO remained intact except for evidence of capsular and supporting cell damage at the capsule incision site (Fig. 2, A and B) . In 6 of 8 VNX females, 83-89% of the VNO was ablated bilaterally (Fig. 2D) . VNO tissue that remained was not associated with a normal, crescentshaped lumen or was confined to the anterior portion of the capsule with no apparent VNN connections. Surgical ablation was incomplete (less than 18% of the VNO was removed) or only unilateral in two VNX females (Fig. 2C) ; these animals were classified as incompletely vomeronasalorganectomized (INC). The nasopalatine duct appeared patent in all 13 animals; thus, access to the VNO was not impaired.
SBA bound to the VNN fibers in VNX and SHAM animals (Fig 3, C and D) , but SBA stain was absent from the glomerular layer in five VNX females (Fig. 3D) , which is indicative of degeneration of the glomeruli due to lack of afferent input from the VNO [35, 36] . One VNX female had glomerular SBA label in 2 of 8 sections through the AOB. In control sections from intact animals and in all INC and SHAM animals, the glomeruli were clearly delineated by SBA stain throughout the AOB (Fig. 3, B and C) . SBA did not bind to the MOB in any of the tissue examined. For the purpose of examining the physiological effects of AOB deafferentation by VNX, data from the two INC animals were analyzed separately but not statistically due to small sample size. Analysis of the response of VNX animals did not include data from the one animal with incomplete AOB deafferentation, although this animal was classified initially as VNX on the basis of VNO histology and remained anestrous through the 14-day pheromone exposure.
Induction of Estrus
Five VNX females failed to exhibit estrus during the 2-wk pheromone exposure period, but postoperative estrus was induced in all 5 SHAM and in both INC animals ( Table  1 ). The number of days from exposure to UGS estrus in responsive females did not differ from the mean interval for intact females in our colony (5.3 + 0.5 days) [28] . 
Physiological Responses
", a (D*j weight on the day of estrus was significantly greater (p < 0.05) than on the first day of postoperative exposure to male pheromones. Six days after pheromone exposure (a standard time point used in the absence of estrus), body weight of VNX females was not significantly different than body weight at initial exposure. The mean body weight increase at estrus for the two responsive INC animals was 2.3 g.
Uterine weight at perfusion was significantly (p < 0.05) higher in SHAM females (280.71 + 95.60 mg) than in VNX females (133.35 + 31.14 mg) even though perfusion and tissue collection occurred 6-8 days after the onset of estrus. SHAM uterine weights were less than the mean uterine weight of intact females perfused at behavioral estrus in a previous study (403.07 28.53 mg, n = 4; L. Jackson, unpublished results). Although control tissue was not collected from unexposed VNX females, the mean uterine weight of exposed VNX females was not different from that of intact, anestrous females (136.83 + 50.16 mg, n = 12; L. Jackson, unpublished results). Ovarian weights did not differ among groups. Ovarian histology was not a useful indicator of follicular activity since opossums will not ovulate without physical contact with a male. No corpora lutea were observed, and all ovaries contained numerous (> 13 per animal) atretic preovulatory follicles.
DISCUSSION
This study demonstrates an important role for the VNO in chemosensory communication in a marsupial. When the VNO and VNN input to the AOB were eliminated, females failed to exhibit UGS estrus or increased uterine weight in response to an estrus-inducing stimulus. Stimulus access to the opossum VNO could be routed through the oral or the nasal passage, and the required pheromone(s) could be volatile or nonvolatile; any combination of these characteristics cannot, at this point, be ruled out. However, as VNO ablation did not disturb the nasopalatine duct connecting the oral and nasal cavities or the olfactory epithelium, we conclude that the VNO is the route for pheromonal induction of estrus. In this regard, the gray short-tailed opossum is similar to rodents in which the VNO is a crucial component for pheromonal induction of puberty (mice [37, 38] ) and estrus (prairie voles [10] ).
While it is possible that surgery disrupted other potentially chemosensitive structures such as the nervus terminalis and septal organ [13, 39] , extracting the VNO from its cartilaginous capsule minimizes the likelihood of damaging these other systems or the main olfactory system. Alternative methods of interrupting VNO input to the brain such as cutting the VNN as it passes between the olfactory bulbs or lesioning the AOB are more likely to injure fibers of passage or tissue associated with other olfactory pathways [13] . Intracranial damage is a particular concern in M. domestica because LHRH-immunoreactive cells associated with nervus terminalis ganglia along the medial surface of the olfactory bulbs might be a significant source of LHRH during induction of estrus. The opossum hypothalamus contains LHRH-immunoreactive fibers, but few cell bodies are found in the preoptic area or hypothalamus [40] .
The results of this study show that the VNO is necessary for pheromonal induction of estrus. However, other sensory cues might be capable of inducing estrus in VNX females. For example, ovarian activity is suppressed in subordinate female marmosets (Callithrixjacchus) that share air space with the dominant female [5] . However, VNX subordinate female marmosets remain anestrous when visual contact with the dominant female is maintained [41] . In this study, we exposed VNX females to male odors only; the interaction of chemical and social cues could be examined by caging VNX females with males or allowing visual or auditory contact.
This study does not provide clear evidence for the role of reproductive history or sexual experience in a female's response to male pheromone. Of the two experienced breeders included in the VNX group, one failed to respond and the other was a responsive INC. In male hamsters, reproductive experience affects the behavioral response of a male hamster to female pheromone [421. However, Wysocki et al. [10] found no difference between the response of nulliparous and primiparous female voles to estrus-inducing pheromones. They concluded that female responses to primer pheromones were not influenced by experience or learning as is the case in males.
Speculation regarding the adaptive significance of pheromonal regulation of reproduction in the opossum is difficult because relatively little is known of the natural history and ecology of this species. M. domestica inhabits the Caatinga region of southeastern Brazil, a semi-arid area vegetated with scattered small trees and shrubs, where it is most often found in relatively low densities around mesic outcroppings [43] . Social structure is unknown, but individuals are nocturnal and thought to be solitary and nomadic. These conditions would favor social communication through scentmarks, perhaps to the extent that females remain anestrous until they nuzzle dried scentmarks [26, 30] of highquality males or those in suitable habitat. Scent-marking behavior and sexually dimorphic scent glands appear to be quite common in marsupials [44] , particularly as a means of sexual and individual recognition [26, 45] . However, evidence for male effects on female reproductive function among the array of marsupial taxa is limited to reports on one or two species in Didelphidae [7, 8] , Dasyuridae [46] , and Macropodidae [47, 48] , and, except for the results of this study, the importance of the VNO in chemosensory control of marsupial reproduction is unknown.
